Ubiquitous Aromatic Carbon Chemistry at the Earliest Stages of Star
  Formation by Burkhardt, Andrew M. et al.
Ubiquitous Aromatic Carbon Chemistry at the Earliest
Stages of Star Formation
Andrew M. Burkhardt,1,∗ Ryan A. Loomis,2
Christopher N. Shingledecker,3,4,5 Kin Long Kelvin Lee,6,1 Anthony J. Remijan,2
Michael C. McCarthy,1 and Brett A. McGuire6,1,2,∗
1Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA
2National Radio Astronomy Observatory, Charlottesville, VA 22903, USA
3Department of Physics and Astronomy, Benedictine College, Atchison, KS 66002, USA
4Center for Astrochemical Studies, Max Planck Institute for
Extraterrestrial Physics, Garching, Germany
5Institute for Theoretical Chemistry, University of Stuttgart, Stuttgart, Germany
6Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
∗To whom correspondence should be addressed;
E-mails: andrew.burkhardt@cfa.harvard.edu, brettmc@mit.edu.
Benzonitrile (c-C6H5CN), a polar proxy for benzene (c-C6H6), has the potential
to serve as a highly convenient radio probe for aromatic chemistry, provided
this ring can be found in other astronomical sources beyond the molecule-
rich prestellar cloud TMC-1 where it was first reported by McGuire et al. in
2018. Here we present radio astronomical evidence of benzonitrile in four ad-
ditional pre-stellar, and possibly protostellar, sources: Serpens 1A, Serpens
1B, Serpens 2, and MC27/L1521F. These detections establish benzonitrile is
not unique to TMC-1; rather aromatic chemistry appears to be widespread
throughout the earliest stages of star formation, likely persisting at least to the
initial formation of a protostar. The abundance of benzonitrile far exceeds pre-
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dictions from models which well reproduce the abundances of carbon chains,
such as HC7N, a cyanpolyyne with the same heavy atoms, indicating the chem-
istry responsible for planar carbon structures (as opposed to linear ones) in
primordial sources is favorable but not well understood. The abundance of
benzonitrile relative to carbon-chain molecules displays sizable variations be-
tween sources within the Taurus and Serpens clouds, implying the importance
of physical conditions and initial elemental reservoirs of the clouds themselves.
Aromaticity has long been believed to be an integral aspect of astrochemistry. The Unidenti-
fied Infrared Bands (UIRs), a set of emission features observed at mid-IR wavelengths (roughly
from 3 to 13 µm), are thought to originate from the vibrational relaxation of polycyclic aro-
matic hydrocarbons (PAHs) (1–3) following electronic excitation. These bands have been ob-
served in an astonishing range of astrophysical environments, from the expanding atmospheres
of Asymptotic Giant Branch (AGB) stars or supernovae (4), to the latest stages of star forma-
tion (5), to the gas in external galaxies (6). Based on these observations it has been estimated
that as much as 10-25% of interstellar carbon may be locked up in aromatic molecules (3), mak-
ing these species important in the chemistry in nearly all regions. In addition, the nucleation
and accretion of the largest of these molecules may be a key driver for the growth of carbona-
ceous interstellar dust grains in the atmosphere of certain evolved stars. Among the more than
200 molecules definitively detected in the interstellar medium to date (7), however, only a very
small fraction are aromatic either in a strictly chemical sense or otherwise: cyclopropenylidene
(c-C3H2), benzene (C6H6), three fullerenes (C60, C60+, C70) (8–14), and the simplest aromatic
nitrile benzonitrile C6H5CN, which was recently identified in the molecule-rich, prestellar Tau-
rus Molecular Cloud (TMC-1) by radio astronomy (15). Despite these discoveries, very little is
known about how these specific aromatic molecules fit within the broader context of interstellar
chemistry.
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Based on extensive laboratory and theoretical work, it is now well established that the for-
mation of benzonitrile from benzene and a source of chemically active nitrogen, commonly CN
radical, is efficient under interstellar conditions (15–19). The presence of benzonitrile is thus
a direct and meaningful indicator of radio-invisible benzene. Although the column densities of
many carbon-chains in cold cores such as TMC-1 are well reproduced by astrochemical models
based on reactions starting with small hydrocarbon precursors (20–23), that of benzonitrile is
in excess of predictions from the same model, suggesting other routes to form aromatic species
may be operative in this source (15).
In this context, two consequential lines of inquiry in dark cloud chemistry follow: the extent
to which the unusually-rich chemistry in TMC-1 is broadly representative of dark clouds, and
how differences in cloud properties affect this chemistry. TMC-1 is known to harbor unsaturated
carbon-chains in remarkably high abundance even relative to other dark clouds (24, 25). Many
such chains were first or only detected in the interstellar medium toward this source (7, and ref-
erences therein). However, whether the chemical inventories of dark clouds commonly extend
to aromatic molecules has been a topic largely confined to conjecture until very recently. The
newfound ability to infer the population of benzene by radio astronomy now affords one the
opportunity to assess cloud chemistry from a distinctly different viewpoint. This fundamental
organic ring, owing to its much higher degree of saturation, may be formed by pathways quite
unlike those invoked for highly unsaturated carbon-chains, and is thought to be the key building
block in the synthesis of far more complex organic molecules (26–28). To substantively ad-
vance this discussion, however, it is first necessary to establish if benzonitrile, and thus benzene
by inference, is present beyond TMC-1 and, if so, to what degree this ring is widespread in
molecular clouds.
Long carbon-chain molecules, such as the well-known cyanopolyynes (HCnN, where n is
odd), are readily observed throughout the various stages of star formation, and are particularly
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common at the earliest stages, prior to the desorption of saturated molecules from ice which
occurs when the protostellar object warms up the surrounding material (29). And, in particular,
high column densities of large cyanopolyynes, such as HC7N and HC9N, can provide evidence
for a rich source of complex hydrocarbons. Given HC7N, a highly unsaturated (HC) chain,
has the same heavy atoms as benzonitrile, we searched for radio lines of benzonitrile toward
sources with high column densities of this species as an indicator of a rich gas-phase carbon
chemistry with many of the essential building blocks to produce benzene. We discuss four
sources with NHC7N > 1012 cm−2 (30, 31) that were first targeted: Serpens 1a (S1a), Serpens
1b (S1b), Serpens 2 (S2), and MC27/L1521F, along with TMC-1, where benzonitrile was orig-
inally discovered.
The five sources reside in two distinct parent clouds and probe different stages of prestellar
environments. The Serpens sources are all part of the same greater filament studied by Friesen et
al. (31). Based on its molecular line widths, lack of embedded protostars, and small continuum-
derived mass, S2 is thought to be a very young starless core, with a maximum estimated age
of 105 years (31). S1a and S1b are two cores straddling a central protocluster where infall is
occurring and have estimated ages of several 105 years (31). Both TMC-1 and MC27/L1521F
are associated with the larger Taurus Molecular Cloud Structure. TMC-1 is a well-studied
prestellar molecular cloud with minimal infall motion, whose age has been estimated to be
∼2-5×105 years (15, 32–35). MC27/L1521F is considered a Very Low Luminosity Object
(VeLLO), where the embedded protostar is just beginning to heat up (36).
Our observations were performed with the 100 m Robert C. Byrd Green Bank Telescope
(GBT) as part of a large ongoing observing campaign: A Rigorous K/Ka-Band Hunt for Aro-
matic Molecules (ARKHAM), which is slated to survey more than dozen sources when it is
complete. An updated analysis of C6H5CN in TMC-1 (35) has also been possible with ad-
ditional observations from our companion survey, GOTHAM (GBT Observations of TMC-1:
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Hunting Aromatic Molecules; (37)). For each source, four strong benzonitrile transitions were
targeted between 22 and 26.5 GHz with the K-band Focal Plane Array (38) and VEGAS spec-
trometer (39) (Supplementary Tables 1 and 2). For S2 and MC27/L1521F, additional obser-
vations were performed with the Ka-band receiver and target four other transitions between 28
and 30.5 GHz. Additionally, MC27/L1521F also has several lower frequencies across K-band
between 22 and 26 GHz. The GOTHAM observations towards TMC-1 cover transitions in X,
K, and Ka-band, and are discussed in detail elsewhere (15, 37).
Three transitions of benzonitrile were ultimately detected in each of our new four target
sources (Supplementary Figures 2, 4, 6, and 8). The same analysis procedure for the GOTHAM
data (35) was employed here, in which a Markov Chain Monte Carlo (MCMC) fit is used to
determine the column density (NT ), excitation temperature (Tex), linewidth (∆V ), and source
velocity (vlsr) or velocities that best reproduce the observations; details of this procedure are
given in the Spectral Stacking Routine section of Methods, with a complete description provided
in Ref. (35). Transition frequencies, line strengths, and the partition function for C6H5CN
were taken from previous laboratory measurements (15,40). The velocity-stacked spectra from
transitions toward each of the five sources (Fig. 1) show that benzonitrile is detected at least
5σ in both the velocity-stacked spectra and peak impulse response of the stack. The relative
ease with which this polar ring has been observed in all five sources suggests that aromatics can
survive through the formation of a protostar and perhaps beyond.
Although spectra from all five sources were fit with one or more velocity components, the
present single-dish data provide little meaningful spatial information. As such, we first exam-
ined the total abundance of C6H5CN in each source across all velocity components. For all
but TMC-1, the primary uncertainty in the derived column densities arises from the degeneracy
between this quantity and the excitation temperature, which can be mitigated by observing tran-
sitions over a still wider range of upper level energies. Toward TMC-1, the largest uncertainty
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Figure 1. Velocity-stacked spectra of C6H5CN and the impulse response function of the stacked
spectra in the five sources observed here. Left panel: Velocity-stacked spectra are in black, with
the corresponding stack of the simulation using the best-fit parameters to the individual lines in
red. The data have been uniformly sampled to a resolution of 0.02 km s−1. The intensity scale
is the signal-to-noise ratio of the spectrum at any given velocity. Right panel: The impulse re-
sponse function of the stacked spectrum generated using the simulated line profile as a matched
filter. The intensity scale is the signal-to-noise ratio of the response function when centered at a
given velocity. The peak of the impulse response function provides a minimum significance for
the detection noted in each figure. See Loomis et al. (35) for details.6
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Figure 2. Simulated abundances from NAUTILUS chemical models for C6H6 and C6H5CN
(solid) in comparison to that derived for C6H5CN from observations in the five sources studied
here, with uncertainties (as described in Supplementary Tables 4, 5, 6, 7 and 7 and 8) shown in
horizontal bars in the same colors as Fig. 3. Left: Zoom in on time frame relevant for ARKHAM
sources, highlighting the observed abundances are far greater than what existing models predict.
Right: Zoom out of Left, in addition to simulation with an initial C6H6 abundance of 10−5
(dotted). The initial elemental carbon abundance, or the model’s total reactive carbon budget,
is shown in red with downward arrows.
is due to the unconstrained source sizes of the velocity components. Ultimately, high-sensitivity
mapping with the Very Large Array in a compact configuration or ARGUS mapping with GBT
is needed to better constrain the spatial extent of the emission features. Nevertheless, as indi-
cated in Fig. 2, the C6H5CN abundance relative to H2 ranges between approximately 10−11 and
10−10, with the highest values toward TMC-1. The Supplementary Information provide signifi-
cant additional information on the uncertainties, source sizes, derived column densities, etc. for
each source studied here.
Overlaid on Fig. 2 are abundance predictions of C6H5CN and C6H6 from a gas-grain kinetic
chemical model, NAUTILUS (41), which has been extended beyond that reported in Ref. (15)
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and (23) to account for new molecular identifications in the GOTHAM and ARKHAM surveys
[see the Astrochemical Modeling section of Methods; Ref. (35, 37, 42–44)]. It is clear from
Fig. 2 that the derived abundances of benzonitrile are consistently at least an order of magnitude
higher than those predicted from our most up-to-date models, implying aromaticity is more
important in prestellar chemistry than previously thought. In contrast, the same model well
reproduces the abundance of HC7N and even HC9N (35). Taken together, we conclude the
formation of aromatic molecules is quite favorable but significantly less constrained than that
of highly unsaturated carbon chains.
With respect to TMC-1 specifically, we note the observationally derived and model-predicted
abundances of benzonitrile differ from those reported earlier (15). In terms of the derived abun-
dance, the more accurate methods adopted here and in the GOTHAM survey (35) result in a
four times higher value. Regarding the chemical models, the predicted abundances are lower by
about an order of magnitude primarily for two reasons. First, the use of slightly different initial
elemental abundances in our latest model (35) produce cyanopolyynes in higher abundance, but
are less efficient for cyclic species. And second, the addition of new reactions [see Supplemen-
tary Information, Ref. (42), and Ref. (43)] in our network to produce other newly discovered
aromatic molecules reduce the abundance of benzene and by extension benzonitrile.
The underproduction of cyclic molecules in our models is not limited to benzonitrile but
extends to three other ring species detected with GOTHAM: 1- and 2-cyanonaphthalene (42),
a pair of CN-functionalized PAHs (C10H7CN), and cyano-cyclopentadiene (43), a highly polar
five-membered ring (c-C5H5CN). For both rings, deviations between derived and predicted
abundances are even more disparate than for benzonitrile. Nevertheless, this same model well
reproduces the abundance of two newly-discovered nitrile-terminated chains, propargyl cyanide
(HCCCH2CN) (37) and HC11N (35), that are described in accompanying GOTHAM papers.
This finding again suggests that our present understanding of interstellar aromatic chemistry is
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demonstratively incomplete.
To determine how rich aromatic chemistry is outside of the carbon-chain rich source of
TMC-1, we compared the relative abundance ratios between HC7N, HC9N, and C6H5CN in
each source (Fig. 3). For S1b and S2, the column densities of HC7N were adopted from (31),
whose observations were also done with the KFPA on the GBT. While the inverse relation of
cyanopolyyne abundances with chain length (21,45) is fairly consistent between all five sources,
the abundance ratios involving C6H5CN vary considerably between the Taurus and Serpens
sources. In each of the three Serpens sources, the HC7N/HC9N ratio is comparable to the
chain/ring ratio using the HC7N/C6H5CN and HC9N/C6H5CN ratios as metrics. In contrast, in
TMC-1 and to a lesser extent MC27, the HC7N/C6H5CN ratio is considerably higher, indicating
aromatic chemistry is less prevalent relative to carbon-chain chemistry among sources in Taurus.
We note the derived excitation temperatures are also quite similar among sources from the same
parent cloud, Tex ∼ 11.1-11.5 K for the Serpens sources and 4.9-6.1 K for the two sources in
Taurus (MC27/L1521F and TMC-1), notwithstanding the small sample size and aforementioned
degeneracy between the excitation temperatures and the derived column densities.
Similarities among related sources may indicate the importance of the parent cloud in deter-
mining the abundances of interstellar molecules, including aromatics. For example, if aromatic
molecules are simply relics that have survived the diffuse cloud stage, their abundances should
be largely uncorrelated to those of cyanopolyynes which are readily formed in dark clouds.
If correct, large variations of the HC7N/C6H5CN might be expected. Alternatively, while no
correlation was found between evolutionary stage and the benzonitrile abundance, if aromat-
ics are produced in dark clouds but with different efficiencies compared to carbon chains, the
HC9N/C6H5CN ratio may be considerably more sensitive to the physical conditions and initial
elemental reservoirs of the clouds themselves, particularly the C/O ratio, as seen in Fig. 4. Re-
gardless, the presence of C6H5CN toward the VeLLO MC27/L1521F, which displays evidence
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Figure 3. Derived abundance ratios between HC7N, HC9N, and C6H5CN for each of the five
sources studied here. The colors and markers are based on the parent cloud in which they
reside: blue crosses for Serpens and red dashes for Taraus. The HC7N abundances for S2 and
S1b are from a previous GBT Survey by Friesen et al. (31). Uncertainties are described in
Supplementary Tables 4, 5, 6, 7, and 8 (last of which is adapted from Table 2 in Ref (37))
for an incipient protostar, at any significant level implies that aromatic species survive at least
the initial phase of star formation.
It should be emphasized that there is considerable evidence casting doubt as to the im-
portance of inheritance by simple aromatics, but the same may not be true for larger species.
Several studies conclude that small PAHs (<20-30 atoms) are readily dissociated by starlight in
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Figure 4. Simulated C6H5CN abundance (Left) and C6H5CN/HC9N abundance ratio (Right)
from NAUTILUS chemical models over a range of gas and grain temperatures, gas densities, and
initial elemental oxygen abundances.
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high yield when transiting the diffuse gas (46–48) because they are unable to efficiently radia-
tively relax following absorption of a UV photon. If C6H6 is present at the beginning of the dark
cloud phase, for example, our models (Fig. 2) require an abundance of ∼10−5, or nearly 60%
of the model’s reactive carbon budget (accounting for the six carbons in benzene), to reproduce
the benzonitrile abundance on the timescale of prestellar sources. A similar large initial seed of
cyclic species is also required to reproduce the abundance of the cyanonaphthalenes (42) and
cyano-cyclopentadiene (43). Placing such a large fraction of all carbon in a single molecule
appears highly unrealistic given that the estimated fraction of carbon locked up in PAHs overall
is estimated to be 10-25% (3), and because one might expect the initial aromatic reservoir to
be dominated by larger, more stable cyclic species. However, the dissociation of large cyclic
species in the diffuse clouds may produce modest-sized molecular fragments that conceivably
could be important precursors for small aromatic species, but are not considered here. Previous
studies suggest PAHs undergoing Coulomb explosion primarily produce hydrogen, acetylene
(C2H2), and carbon chains containing 10-15(±3) carbon atoms, depending the internal energy
and the size of the PAH (46, 48). More generally, our modeling highlights the existence of a
previously unknown and non-negligible reservoir of complex carbon, and one which should be
considered in chemical models of protostellar evolution.
In summary, the detection of benzonitrile towards the starless cloud core TMC-1 expanded
our view of aromatic chemistry beyond the initial factories of carbon-rich stars. The ease with
which the same aromatic has been subsequently detected in other molecular clouds points to
the generality of this chemistry in early star formation, rather than an anomaly specific to the
rich carbon-chain chemistry of TMC-1. The high abundances of this aromatic molecule are
far greater than what present chemical models predict, and exhibit sizable variations between
clouds of roughly similar ages. For these reasons, the present observations should serve as a
strong impetus for new laboratory and theoretical studies to investigate formation pathways of
12
small aromatics in greater detail, and motivate additional observations towards objects over a
variety of initial conditions or are further along the pathway to star formation.
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Methods
Spectral Stacking Routine
Full details of the methodology used to detect and quantify molecules in our spectra are pro-
vided in Loomis et al. (35). Briefly, we first perform a standard steepest descent fit to the
molecules in our data, using model spectra generated using the formalisms outlined in Turner
(49), which includes corrections for optical depth, and adjusted for the effects of beam dilu-
tion. The specific transition parameters for each species are obtained from spectral line catalogs
primarily pulled from publicly accessible databases (https://spec.jpl.nasa.gov and
https://cdms.astro.uni-koeln.de/) or generated from spectroscopic parameters
provided in their respective publications. Full details for each catalog are provided in Harvard
Dataverse repositories described below. The substantial number of transitions used in the anal-
ysis makes in impractical to provide a table of parameters in-text. Instead, the interested reader
is referred to the catalog files in the online supplementary data which contain all of the required
information in a machine-readable format. For each source, we fit either one or two distinct
velocity components (vlsr), and simultaneously fit for column densities (NT ), source sizes (θs),
excitation temperatures (Tex), and linewidth (∆V ).
In the case of benzonitrile, there are many transitions covered by our spectra that are not
visible above the local RMS noise level of the observations. We therefore extract a small portion
of the observations centered around each spectral line. An SNR weighted average of these
spectra is then performed based on the expected intensity of the line (derived from the MCMC
parameters) and the local RMS noise of the observations. For the purposes of this analysis,
largely due to hyperfine splitting, we treat the signals on a per-line basis rather than a per-
transition basis. The result is that the stacked feature is somewhat broadened, as the hyperfine
components and velocity components are not collapsed, but there is no over-counting of flux.
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This results in a substantial increase to overall SNR, with the spectrum now encapsulating the
total information content of all observed lines, rather than only that from the brightest lines.
Finally, the model spectra are stacked using identical weights, and that stacked model is used as
a matched filter which is cross-correlated with the stacked observations. The resulting impulse
response spectrum provides a lower limit statistical significance to the detection. Because the
filter contains the same broadened hyperfine and velocity structure as the stack, there is no loss
in significance.
Supplementary Table 2 shows the total number of transitions (including hyperfine compo-
nents) of the molecules analyzed in this paper that were covered by GOTHAM and ARKHAM
observations at the time of analysis and were above our predicted flux threshold of 5%, as dis-
cussed in (35). Also included are the number of transitions, if any, that were coincident with
interfering transitions of other species, and the total number of lines used after excluding in-
terlopers. Observational data windowed around these transitions, spectroscopic properties of
each transition, and the partition functions used in the MCMC analysis are provided in Harvard
Dataverse repositories (50, 51).
Astrochemical Modeling
A modified gas-grain kinetic chemical model, NAUTILUS (41), with adaptations beyond Ref. (15)
and (23) was used to model the formation of aromatic species. We note that the model described
here uses an identical chemical network and initial parameter set (see Supplementary Tables 9
and 10) as the GOTHAM-related works in Refs (35, 37, 42–44) unless specifically stated other-
wise.
For this work, we have added the reactions summarized in Supplementary Tables 11 and
12, which expand upon those presented in Ref. (15). In our models, the dominant formation
pathway to benzene is through the following dissociative recombination process proposed by
15
McEwan et al. (52):
C6H7
+ + e− −→ H + C6H6 (1)
The fact that our model underproduces benzonitrile is indicative of some deficiency in the in-
cluded aromatic chemistry, such as missing formation routes or incorrect reaction rates. For ex-
ample, the cyclization of linear carbon-chain species, either in the gas or on grains, represents an
attractive possible formation pathway that is not currently included in our network. Moreover,
only ∼1% of C6H5CN is frozen on grains in our model; however, this value could plausibly be
much greater in astrophysical environments, especially if there exists a viable grain-surface for-
mation pathway. If so, additional low-temperature desorption mechanisms, such as sputtering
by cosmic ray bombardment or accelerated gas-phase particles (23, 53) will need to be consid-
ered in dark cloud chemistry models. Another possibility is that some of the as-yet-undetected
species that have been proposed (54) to be important precursors to benzene - such as C6H7+,
1,3-butadiene, and propene - may be likewise underpredicted in our model, thereby resulting
in low calculated abundances of C6H6. Interstellar observations of these potential precursors
would significantly help to constrain the proposed pathways leading to benzene.
Destruction routes that lead to other aromatic or cyclic molecules, such as cyanonaphthalene
and cyano-cyclopentadiene have also been included in our latest model. However, expanding
the network to include additional reactions with potential precursors to benzene, such as C6H7+,
1,3-butadiene (CH2CHCHCH2), and the propargyl (CH3CHCH2) and phenyl (C6H5) radicals
(54), did little to increase the abundance of benzonitrile.
While our models do not reproduce the derived abundances of benzonitrile, we have ex-
plored their sensitivity to certain key parameters in our simulations to study the importance of
the parent cloud to the production of benzonitrile and, by proxy, other aromatics. In Fig. 4, the
calculated abundances of C6H5CN and the abundance ratios of C6H5CN/HC9N are shown over
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a range of temperatures, densities, and initial oxygen abundance. From this plot, there exists an
optimal temperature (10 K) and density (∼104 cm−3) that maximizes the C6H5CN abundance,
which is in agreement with our model’s initial parameters (Supplementary Table 9). Thus, the
observed aromatic chemistry is much richer than what our models predict over a wide range
of physical conditions (Fig. 4 Left). As expected, the formation of both long carbon-chains
and cyclic species is strongly correlated with the C/O ratio, as an increase in available C en-
hances the abundance of many carbon-bearing species. When the initial oxygen abundance with
respect to hydrogen is∼2-3.5×10−4, resulting in a carbon-poor ratio (C/O∼0.5-0.85), the pro-
duction of C6H5CN relative to HC9N becomes more efficient. This is perhaps because the C/O
ratio becomes increasingly more important as one considers the formation of longer carbon
chains. Meanwhile, the dominant benzene pathway in this model does not require the pres-
ence of chains larger than five carbons. Similar to the C/O ratio, relative C6H5CN production
appears to be favored compared to HC9N in denser (∼5×105 cm−3) gas, likely due to higher
collision rates increasing the efficiency of the ion-neutral reactions in the benzene pathway and
the destruction of the longest, and thus least stable, carbon chains. These scenarios underscore
that it is feasible to produce significant variations between the abundance of cyanopolyynes
and cyclic species simply by changing the initial conditions, which could explain the different
HC9N/C6H5CN ratios seen toward Taurus and Serpens.
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Supplementary Information
Observations
Utilizing the seven-pixel focal plane array KFPA-band receiver, the eight IFs of the VEGAS
spectrometer backend (39) were tuned between 23 and 26.5 GHz with 1.4 kHz spectral res-
olution across 187.5 MHz per IF for S1a, S1b, S2. MC27/L1521F also received additional
observations at additional turnings between 22-26 GHz. The ARKHAM observations were
observed in January 2018 (GBT17B-447), October 2018 - January 2019 (GBT18B-004), and
January - March 2019 (GBT19A-009). The Ka-band dual-beam receiver was also utilized be-
tween December 2019 - January 2020 (GBT19B-116), with four VEGAS IFs tuned between 28
and 30.5 GHz with 1.4 kHz spectral resolution across 187.5 MHz bandwidth per IF for S2 and
MC27/L1521F. The observational strategy is similar to those in the GOTHAM project (37), but
with different sources (Supplementary Table 1) and spectral tunings (Supplementary Table 2
and Supplementary Figure 1). Observations were performed in ON-OFF position-switched
mode with 2 minutes on target and 2 minutes at an off position throw of 1◦ away. The primary
beam of the GBT at 23 GHz ranged between ∼31.5-38′′. The K-band Focal Plane Array (38)
and Ka-band dual-beam receiver were used with the VEGAS spectrometer backend (39) con-
figured to provide 187.5 MHz total bandwidth in each of ten target windows at a 1.4 kHz (0.02
km s−1) spectral resolution, sufficient to put at least seven points across even our narrowest
lines (∆V ∼0.15 km s−1). The resulting spectra were placed on the atmosphere-corrected an-
tenna temperature (T∗A) scale (55). Data reduction was performed using the GBTIDL software
package (http://gbtidl.nrao.edu/) in a similar procedure as described in (37). The
receivers are primarily calibrated by means of an internal noise diode, which we assume has ab-
solute flux density calibration uncertainty of, at best, ∼30%. The spectra were averaged using
a weighting scheme which corrects for the measured system temperature (Tsys) during each 240
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s ON-OFF position cycle. A polynomial fit was used to correct for baseline fluctuations. The
final root-mean-square (RMS) noise varied for the ARKHAM sources from ∼5-40 mK across
the observations. The highest RMS values were generally at the higher frequency observations,
particularly the Ka-band receiver. This prevented the individual detection of benzonitrile transi-
tions in across these spectral ranges. For TMC-1, the RMS noise varied from∼2–20 mK across
the observations, as described in greater detail in (37).
Supplementary Table 1. Overview of ARKHAM Targets
Source α(J2000) δ(J2000) NH2 Evolutionary
[hh:mm:ss.s] [dd:mm:ss.s] [cm−2] Stage
S2 18:30:43.8 -2:05:51.0 1.48×1022† Intermediate Dark Cloud
S1a 18:29:57.9 -1:56:19.0 2.78×1022† Evidence of Collapse
S1b 18:29:57.0 -1:58:55.0 7.33×1022† Evidence of Collapse
TMC-1 04:41:42.5 +25:41:27.0 1.00×1022‡ Dense Cold Core
MC27/L1521F 04:28:39.3 +26:51:39.0 1.68×1022⊕ VeLLO
Note – † Friesen et al., (31)
‡ Cernicharo et al. (56)
⊕ Chitsazzadeh (57)
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Supplementary Table 2. Overview of ARKHAM Spectral Setups
Source Frequency Coverage Average RMS C6H5CN Lines Excluded Lines Used
[GHz] [mK] >Threshold† Lines‡ in MCMC‡
S2 23.13-23.31, 23.81-24.18, 24.8 30 0 30
24.41-24.59, 25.01-25.19,
25.51-25.69, 26.31-26.49,
27.93-28.11, 29.00-29.18,
29.65-29.83, 30.33-30.51
S1a 23.13-23.31, 23.81-24.18, 11.3 21 0 21
24.41-24.59, 25.01-25.19,
25.51-25.69, 26.31-26.49
S1b 23.13-23.31, 23.81-24.18, 10.2 21 0 21
24.41-24.59, 25.01-25.19,
25.51-25.69, 26.31-26.49
TMC-1 ⊕ 2-20⊕ 255 0 255
MC27/ 22.14-22.33, 23.03-23.31, 9.1 66 0 66
L1521F 23.61-24.18, 24.41-24.59,
24.83-25.19, 25.51-25.69,
25.82-26.00, 26.31-26.49,
27.93-28.11, 29.00-29.18,
29.65-29.83, 30.33-30.51
Note – Frequency coverage are rounded to nearest 10 MHz. The full line list
catalog for HC7N, HC9N, and C6H5CN and full spectrum for S1a, S1b, S2, and
MC27/L1521F can be found at (51).
⊕ For full discussion of spectral coverage and RMS of TMC-1, see the summary of
the GOTHAM survey in Ref (37).
 For full discussion for the MCMC fitting of benzonitrile toward TMC-1, see the
summary in Ref (35).
†A 5% peak threshold was applied among all C6H5CN transitions within the observed
spectral coverage to filter which would be used in the MCMC fit (see the Spectral
Stacking Routine section of Methods and Ref. (35))
‡ Transitions with any interloping features were excluded from the MCMC analysis
(see the Spectral Stacking Routine section of Methods and Ref. (35))
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Supplementary Figure 1. Full ARKHAM spectra for S1a, S1b, S2, and MC27/L1521F with
example spectra of HC7N, HC9N, and C6H5CN across the relevant coverage, assuming a source
size of 50′′, Tex = 6 K, vlsr = 0 km s−1, and ∆V = 0.15 km s−1. For ease of visualization, the
spectra of the different ARKHAM sources are offset vertically and the simulated spectra were
scaled by an arbitrary column density. For the full spectra of TMC-1, see the summary of the
GOTHAM survey in Ref (37).
31
Supplementary Table 3. Individually Detected Benzonitrile Transitions
Transition Frequency EU Sijµ2
J ′Ka,Kc − J ′′Ka,Kc F ′ − F ′′ [MHz] [K] [Debye2]
90,8 − 80,8 8− 7 23227.6903(3) 5.72 33.1
10− 9 23227.7105(3) 5.72 41.5
8− 8 23227.7127(3) 5.72 37.1
100,10 − 90,9 9− 8 25622.3093(4) 6.95 37.3
11− 10 25622.3253(4) 6.95 45.7
10− 9 25622.3260(4) 6.95 41.3
91,8 − 81,7 8− 7 25630.0360(4) 6.44 19.7
9− 8 25630.0498(4) 6.44 22.0
10− 9 25630.0560(4) 6.44 24.7
Note – Statistical uncertainties (1σ), derived from the best-fitting constants are given
in parentheses in units of the last significant digit (15). The full catalog of lines used in
stacking and MCMC analysis for ARKHAM and GOTHAM are provided in Ref. (51)
and (50), respectively.
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Benzonitrile Analysis Results
Serpens 2
The resulting best-fit parameters for the MCMC analysis of benzonitrile in Serpens 2 are given
in Supplementary Table 4. Detected individual lines are shown in Supplementary Figure 2,
while the stacked spectrum and matched filter results are shown in Figure 1c. A corner plot of
the parameter covariances for the benzonitrile MCMC fit is shown in Supplementary Figure 3.
The largest source of error was a result of the degeneracy between the column density and the
excitation temperature (∼12%), compared to the much lower uncertainties of vlsr (∼0.04%)
and ∆V (∼4%) facilitated by the high spectral resolution and narrow line widths of our obser-
vations.
Supplementary Table 4. Benzonitrile best-fit parameters for Serpens 2 from MCMC analysis
Component
vlsr Size N
†
T Tex ∆V
(km s−1) (′′) (1011 cm−2) (K) (km s−1)
C1 7.117+0.003−0.003 [400] 8.75
+1.12
−1.04 11.1
+1.3
−1.4 0.151
+0.006
−0.006
NT (Total)†† 8.75+1.12−1.04 × 1011 cm−2
Note – The quoted uncertainties represent the 16th and 84th percentile (1σ for a Gaus-
sian distribution) uncertainties.
†See Supplementary Figure 3 for a covariance plot, and Loomis et al. (35) for a de-
tailed explanation of the methods used to constrain these quantities and derive the
uncertainties.
††Uncertainties derived by adding the uncertainties of the individual components in
quadrature.
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Supplementary Figure 2. Individual line detections of benzonitrile in the Serpens 2 data.
The spectra (black) are displayed in velocity space relative to 7.117 km s−1, and using the rest
frequency given in the top right of each panel. Quantum numbers are given in the top left of
each panel, neglecting hyperfine splitting. The best-fit model to the data is overlaid in green.
See Supplementary Table 4.
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Supplementary Figure 3. Parameter covariances and marginalized posterior distributions for
the benzonitrile MCMC fit for Serpens 2. 16th, 50th, and 84th confidence intervals (correspond-
ing to ±1 sigma for a Gaussian posterior distribution) are shown as vertical lines.
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Serpens 1a
The resulting best-fit parameters for the MCMC analysis of benzonitrile in S1a are given in
Supplementary Table 5. Detected individual lines are shown in Supplementary Figure 4, while
the stacked spectrum and matched filter results are shown in Figure 1a. A corner plot of the
parameter covariances for the benzonitrile MCMC fit is shown in Supplementary Figure 5.
The largest source of error was a result of the degeneracy between the column density and the
excitation temperature (∼10-20%), compared to the much lower uncertainties of vlsr (∼0.05-
0.2%) and ∆V (∼2%) facilitated by the high spectral resolution and narrow line widths of our
observations.
Supplementary Table 5. Benzonitrile best-fit parameters for Serpens 1a from MCMC analysis
Component
vlsr Size N
†
T Tex ∆V
(km s−1) (′′) (1012 cm−2) (K) (km s−1)
C1 7.321+0.013−0.013 [400] 0.40
+0.08
−0.08
11.4+1.3−1.3 0.299
+0.007
−0.007C2 7.670+0.004−0.004 [400] 1.56
+0.15
−0.12
NT (Total)†† 1.96+0.17−0.15 × 1012 cm−2
Note – The quoted uncertainties represent the 16th and 84th percentile (1σ for a Gaus-
sian distribution) uncertainties.
†See Supplementary Figure 5 for a covariance plot, and Loomis et al. (35) for a de-
tailed explanation of the methods used to constrain these quantities and derive the
uncertainties.
††Uncertainties derived by adding the uncertainties of the individual components in
quadrature.
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Supplementary Figure 4. Individual line detections of benzonitrile in the Serpens 1a data.
The spectra (black) are displayed in velocity space relative to 7.67 km s−1, and using the rest
frequency given in the top right of each panel. Quantum numbers are given in the top left of
each panel, neglecting hyperfine splitting. The best-fit model to the data, including all velocity
components, is overlaid in green. Simulated spectra of the individual velocity components are
shown in: blue (7.32 km s−1) and gold (7.67 km s−1). See Supplementary Table 5.
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Supplementary Figure 5. Parameter covariances and marginalized posterior distributions for
the benzonitrile MCMC fit for Serpens 1a. 16th, 50th, and 84th confidence intervals (corre-
sponding to ±1 sigma for a Gaussian posterior distribution) are shown as vertical lines.
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Serpens 1b
The resulting best-fit parameters for the MCMC analysis of benzonitrile in S1b are given in
Supplementary Table 6. Detected individual lines are shown in Supplementary Figure 6, while
the stacked spectrum and matched filter results are shown in Figure 1b. A corner plot of the
parameter covariances for the benzonitrile MCMC fit is shown in Supplementary Figure 7. The
largest source of error was a result of the degeneracy between the column density and the excita-
tion temperature (∼10%), compared to the much lower uncertainties of vlsr (∼0.05%) and ∆V
(∼2%) facilitated by the high spectral resolution and narrow line widths of our observations.
Supplementary Table 6. Benzonitrile best-fit parameters for Serpens 1b from MCMC analysis
Component
vlsr Size N
†
T Tex ∆V
(km s−1) (′′) (1012 cm−2) (K) (km s−1)
C1 7.509+0.004−0.004 [400] 1.02
+0.11
−0.09 11.3
+1.3
−1.3 0.372
+0.010
−0.009
NT (Total)†† 1.02+0.11−0.09 × 1012 cm−2
Note – The quoted uncertainties represent the 16th and 84th percentile (1σ for a Gaus-
sian distribution) uncertainties.
†See Supplementary Figure 7 for a covariance plot, and Loomis et al. (35) for a de-
tailed explanation of the methods used to constrain these quantities and derive the
uncertainties.
††Uncertainties derived by adding the uncertainties of the individual components in
quadrature.
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Supplementary Figure 6. Individual line detections of benzonitrile in the Serpens 1b data.
The spectra (black) are displayed in velocity space relative to 7.509 km s−1, and using the rest
frequency given in the top right of each panel. Quantum numbers are given in the top left of
each panel, neglecting hyperfine splitting. The best-fit model to the data is overlaid in green.
See Supplementary Table 6.
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Supplementary Figure 7. Parameter covariances and marginalized posterior distributions for
the benzonitrile MCMC fit for Serpens 1b. 16th, 50th, and 84th confidence intervals (corre-
sponding to ±1 sigma for a Gaussian posterior distribution) are shown as vertical lines.
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MC27/L1521F
The resulting best-fit parameters for the MCMC analysis of benzonitrile in MC27/L1512F are
given in Supplementary Table 7. Detected individual lines are shown in Supplementary Fig-
ure 8, while the stacked spectrum and matched filter results are shown in Figure 1d. A corner
plot of the parameter covariances for the benzonitrile MCMC fit is shown in Supplementary
Figure 9. Unlike the Serpens sources, the degeneracy between the column density and the exci-
tation temperature was less pronounced in the MCMC fit. For the primary component C1, the
column density had a comparitively lower uncertainties (∼7%) and the excitation temperature
was similarly low (∼2%) and even lower than the uncertainity of ∆V (∼4%). Instead, the pri-
mary source of error was the uncertainties in the weaker secondary component, C2. The vlsr
(∼0.05-0.3%) was still much component of the uncertainties than these other factors.
Supplementary Table 7. Benzonitrile best-fit parameters for MC27/L1521F from MCMC
analysis
Component
vlsr Size N
†
T Tex ∆V
(km s−1) (′′) (1011 cm−2) (K) (km s−1)
C1 6.341+0.003−0.003 [400] 3.57
+0.25
−0.25
4.9+0.1−0.1 0.165
+0.007
−0.007C2 6.618+0.018−0.017 [400] 0.76
+0.28
−0.24
NT (Total)†† 4.33+0.37−0.35 × 1011 cm−2
Note – The quoted uncertainties represent the 16th and 84th percentile (1σ for a Gaus-
sian distribution) uncertainties.
†See Supplementary Figure 9 for a covariance plot, and Loomis et al. (35) for a de-
tailed explanation of the methods used to constrain these quantities and derive the
uncertainties.
††Uncertainties derived by adding the uncertainties of the individual components in
quadrature.
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Supplementary Figure 8. Individual line detections of benzonitrile in the MC27/L1521F data.
The spectra (black) are displayed in velocity space relative to 6.625 km s−1, and using the rest
frequency given in the top right of each panel. Quantum numbers are given in the top left of
each panel, neglecting hyperfine splitting. The best-fit model to the data, including all velocity
components, is overlaid in green. Simulated spectra of the individual velocity components are
shown in: blue (6.341 km s−1) and gold (6.625 km s−1). See Supplementary Table 7.
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Supplementary Figure 9. Parameter covariances and marginalized posterior distributions for
the benzonitrile MCMC fit for MC27/L1521F. 16th, 50th, and 84th confidence intervals (corre-
sponding to ±1 sigma for a Gaussian posterior distribution) are shown as vertical lines.
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TMC-1
The results of our MCMC fit to the dataset for c-C6H5CN toward TMC-1 are provided below,
and are substantially more robust than those achieved in the initial detection from (15). The best-
fit parameters are given in Supplementary Table 8, the associated corner plot in Supplementary
Figure 10, and individually detected lines are shown and discussed in greater detail in Ref (35)
and (37).
Supplementary Table 8. Benzonitrile best-fit parameters for TMC-1 from MCMC analysis
Component
vlsr Size N
†
T Tex ∆V
(km s−1) (′′) (1011 cm−2) (K) (km s−1)
C1 5.595+0.006−0.007 99
+164
−57 1.98
+0.81
−0.23
6.1+0.3−0.3 0.121
+0.005
−0.004
C2 5.764+0.003−0.004 65
+20
−13 6.22
+0.62
−0.61
C3 5.886+0.007−0.006 265
+98
−86 2.92
+0.22
−0.27
C4 6.017+0.003−0.002 262
+101
−103 4.88
+0.26
−0.22
NT (Total)†† 1.60+0.11−0.07 × 1012 cm−2
Note – The quoted uncertainties represent the 16th and 84th percentile (1σ for a Gaus-
sian distribution) uncertainties.
†Column density values are highly covariant with the derived source sizes. The
marginalized uncertainties on the column densities are therefore dominated by the
largely unconstrained nature of the source sizes, and not by the signal-to-noise of the
observations. See Supplementary Figure 10 for a covariance plot, and Ref. (35) for a
detailed explanation of the methods used to constrain these quantities and derive un-
certainties.
††Uncertainties derived by adding the uncertainties of the individual components in
quadrature.
45
Supplementary Figure 10. Parameter covariances and marginalized posterior distributions for
the benzonitrile MCMC fit toward TMC-1. 16th, 50th, and 84th confidence intervals (corre-
sponding to ±1 sigma for a Gaussian posterior distribution) are shown as vertical lines. Source
sizes for components 3 and 4 are consistent with a source that fills the GBT beam (i.e. they are
unconstrained on the upper bound).
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Additions to NAUTILUS chemical model and C6H6/C6H5CN for-
mation
Building off of the work in (15), we have further updated to the chemical network to better
describe the formation of benzene, and subsequently benzonitrile. Due to the significant under-
production of the initial model from (15) to reproduce the newly derived column densities with
the methods described in (35), we significantly expanded the reaction network to include addi-
tional production and destruction pathways, as described in Supplementary Tables 11 and 12.
This includes pathways for C6H6, as well as some of potentially important precursors C6H7+,
1,3-butadiene, and propene. Also, the rate coefficient for CN + C6H6 is increased from 3×10−10
cm3 s−1 (58) to 5×10−10 cm3 s−1 (19). As such, while the network is by no means complete, it
does at minimum extensively describe a more accurate description of the current capabilities of
kinetic chemical models to reproduce aromatic abundances without additional processes.
Supplementary Table 9. Baseline physical conditions and parameters for NAUTILUS models.
Tgas 10 K
Tgrain 10 K
AV 10
nH2 2×104 cm−3
ζCR 1.3×10−17 s−1
Note – Physical conditions described here also hold for all chemical models shown in
GOTHAM or ARKHAM papers, except when explicitly described.
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Supplementary Table 10. Baseline initial elemental for NAUTILUS models.
Species Abundance Reference
H2 0.5
H 5.00×10−5
He 9.00×10−2 a
C 1.70×10−4 b
N 6.20×10−5 b
O 1.54×10−4 ?
F 6.68×10−9 c
Na 2.00×10−9 d
Mg 7.00×10−9 d
Si 8.00×10−9 d
P 2.00×10−10 d
S 8.00×10−8 d
Cl 1.00×10−9 d
Fe 3.00×10−9 d
Note – (?) C/O ratio was constrained by the model that best fit the measured abun-
dances of the detected cyanopolyyne towards TMC-1 in the GOTHAM survey. Oth-
erwise, adopted values utilized by (32).
References – (a) Wakelam & Herbst (59); (b) Jenkins (60); (c) Neufeld et al. (61); (d)
Graedel et al. (62)
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Additional comparison of NAUTILUS chemical model for C6H5CN
and HC9N
Supplementary Figure 11 shows the simulated abundances of C6H5CN and HC9N with NAU-
TILUS over the same range of gas and grain temperatures, gas densities, and initial elemental
oxygen abundances as Figure 4. As mentioned in the Astrochemical Modeling section of Meth-
ods, both species are strongly correlated with an increase in the C/O ratio. However, HC9N
appears less sensitive to changes in temperature than C6H5CN. In terms of gas density, HC9N is
likely destroyed more efficiently at higher densities, C6H5CN is most abundant within a definite
density regime.
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Supplementary Figure 11. Simulated abundances of C6H5CN (Left) and HC9N (Right) from
NAUTILUS chemical models over a range of gas and grain temperatures, gas densities, and initial
elemental oxygen abundances.
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